Abstract-We consider efficient scheduling for a delay con-our investigation of the efficient scheduling problem with an strained multi-rate CDMA system. We first find the optimum average throughput requirement. schedule for CDMA systems without transmit diversity (TD),
II. SYSTEM MODEL AND PROBLEM FORMULATION
to support applications with high bandwidth and strict latency
We consider the uplink of a single cell CDMA system where requirements [6] , [7] . Energy efficient power and rate alloca-K users communicate with a BS. Let gi denote the channel tion for Direct Sequence (DS)-CDMA systems is investigated fading coefficient of the ith user to the BS, for i = 1, , K. We in [6] , whereas reference [7] investigates the optimal and assume all channels are quasi-static with flat fading, so that suboptimal solutions to the scheduling problem in systems the fading coefficients remain constant during a frame of L with multiple receive antennas. These protocols achieve the time slots. Let u2 denote the variance of the Additive White maximum instantaneous system throughput, however, fairness Gaussian Noise (AWGN) term at the BS'. Each user may in terms of the throughput of each user is not considered in change its transmission rate by the number of spreading codes either of the references. In many scenarios, we may want it uses in each time slot, but maintains the required average rate to provide fairness among users while optimizing the per-in a frame. Multiple codes are considered as virtual users, and formance [8] . A short term average throughput guarantee for each user can facilitate fairness. This is the motivation behind 1We assume that the out-of-cell interference is included in this term.
0-7803-9780-0/06/$20.00 ©2006 IEEE interfere with each other if they transmit in the same time slot, the optimum transmit power, p*1 2gi q*, the optimization even if they belong to the same user. Each spreading code is problem in (4)- (7) can be rewritten as assumed to be a randomly generated signature sequence. The . We assume that ,gi2> gj 2 and Isi > Is2 , i.e., slot 1 has
We aim to minimize the total energy expenditure of all users more virtual users than slot 2. If we exchange virtual users in a time frame while satisfying the received SINR target, i and j between the two slots, all the virtual users except i SINRtarget, for each virtual user in each slot, and short term and j remain the same transmit power level, since q 2 and q2 throughput requirement, Rigt2, for user i, i =1, ..,K. Given remains the same. However, the sum of the transmit power of that the time slots in the frame are of equal duration, this i and j iS decreased, i.e., 12 + 22 < 2 + q2 Hence, problem is equivalent to minimizing the total transmit power the total transmit power is decreased. of K users in L time slots. The optimization problem can be Observation 1 provides a valuable clue as to the structure expressed as of the optimum scheduling policy. Note (7) actual location of these slots in the L-slot frame. Therefore, we
Denoting sl as the set of virtual users scheduled in time only need to consider scheduling policies with the reordered slot 1, we have the cardinality of s, as si l EK 1 K,,. We virtual user sets to find the optimum solution. Next, we have note that the optimum received power for each virtual user the following observation. is achieved when the SINR constraint in (5) is satisfied with Observation 2: For any given group of reordered virtual equality [11] . Thus, the optimum equal received power for user sets, the optimum scheduling order of T virtual users is each virtual user in time slot I is in the order of increasing channel gain, i.e.,
( 1 + 7) Si (8) Given the relation between the optimum received power and Ad l teotmzto rblmi 9-1)i ofn 21n other words, we maintain a given number Ti LRimgt t/Rbase of the best group of reordered virtual user sets such that the sum virtual users for user i during a frame of L time slots, of the total transmit power iS minimized, given the optimum scheduling order in (11 [12] . In this case, the non-orthogonal spreading codes and TD.
problem of graph partitioning of a string can be reduced to Consider a CDMA system with K users and L-slot frame. a shortest path problem with complexity O(LT2) [13] . In Each user is equipped with two transmit antennas and cothe following, the solution by a shortest path algorithm is operatively communicates zero-mean independent signals sil described.
and Si2, i 1,.., K with the BS in two time slots. The
We construct a network from the string G which represents transmission scheme of user i is shown in Fig. 2 . We assume the virtual users. The nodes that lie between the origin-that both antennas of user i have the same transmit power level, destination pair are given by the set i.e., Pi = Pi2 = pi, so that the total power is 2pi. Fig. 3 , and it can significantly reduce the computational cost of finding the optimum schedule with acceptable performance penalty, shown in Section V constraints, the optimum scheduling protocol proposed in by numerical results. Note that same results can be directly Section III is readily applicable to the scheduling problem for applied to a multi-rate CDMA system with TD as well. the CDMA system with TD at hand.
Observation 3: The super transmission of user i, TXi, V. NUMERICAL RESULTS should not be scheduled into the same time slot with the super
In this section, we present numerical results related to the transmission TX* of user j, for i, j C {1, ..., K}. performance of the efficient scheduling protocols. We consider It is easily seen that if TXi, i.e., the transmissions of sil the uplink of a CDMA system consisting of K users randomly and Si2, are scheduled in the same time slot with TX*, i.e., distributed in a circle area with radium r, and a BS located the transmissions of s>1 and for i,j C {1, ..., K}, the in the center of the circle, with spreading bandwidth W decoder structure of the Alamouti scheme cannot decouple 1.228MHz, and the processing gain N = 128, equivalently, either sil and Si2, or sjl and Sj2, and therefore cannot Rbase = 9.6Kbps. The transmission frame duration is L time successfully decode the signals at the BS. Thus, any schedule slots. The fading coefficient of user i, gi, is modeled as violates Observation 3 should be avoided. The AWGN variance is assumed to be 10-13.
SINRsi1 = SINRsi2
Simulation results are presented to demonstrate the perfor- CosDered CDMA syste wit mobl termnl thtpav Rimrget = 9.6Kbps. The transmission frame consists of two transmit antennas, and showed that with some conditions, 6 slots. Table I shows that the near-optimum schedule the proposed scheduling algorithm can be applied directly to incurs less than 10% performance penalty while providing CDMA systems with TD yielding a near-optimum scheduler. a significantly reduction in computational complexity The numerical results demonstrate that significant energy compared to the optimum schedule, which is achieved by savings is achieved by the proposed scheduling protocols. exhaustive search. Next, we consider a larger system with
